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INTRODUCTION

In this proposal we suggest a novel approach for the immunotherapy of breast carcinoma. The
difficulty of treating metastatic breast cancer with conventional therapy, combined with the presence of
defined tumor- or tissue-associated antigens on breast tumors, makes this malignancy an ideal candidate for an
immunotherapeutic approach to treatment.

One method developed for the immunotherapy of cancer is to remove lymphocytes from tumors
obtained at surgery or biopsy, expand them ex vivo in the presence of lymphokines, and reinfuse these cells
into the patient. Treatment of cancer by the infusion of autologous tumor infiltrating lymphocytes has
produced clinical responses in some patients. Although several explanations can be proposed for the limited
response thus far, one possibility is the lack of specificity of the reintroduced lymphocytes. In addition, this
technique is limited by the difficulty in obtaining specific tumor-infiltrating lymphocytes for many histologic
types of cancer (including breast cancer). In contrast, many monoclonal antibodies have been described that
bind tumor-associated antigens shared by tumors of similar histology. These monoclonal antibodies can be
attached to a cytotoxin or to an antibody or growth factor to redirect cytotoxic T cells. However, most clinical
attempts using such immunotoxins have not fulfilled expectations. Their therapeutic efficacy is restricted to
blood borne tumors, primarily because solid tumors are not sufficiently accessible to antibodies.

Cancer patients usually mount a poor -if any- immune response against their own tumors due to poor
tumor immunogenicity and an immunosuppressed state common to many cancer patients. Several approaches
have been attempted to enable the immune eradication of tumor cells. These include various methodologies to
augment, nonspecifically or specifically, the host immune response and treatment with specific anti-tumor
antibodies. Non-specific treatments, such as the use of LAK (lymphokine-activated killer) cells, are not
effective in all types of cancer. The requirement for the co-injection of large amounts of IL-2 causes severe
side effects which often require the cessation of treatment. The use of antibodies in passive irmhunotherapy is
often of limited efficacy, both because of the difficulty in identifying true tumor-specific antigens, poor tumor
penetration, and the short half-life of the antibodies.

Our group has pioneered the T body approach, a novel approach for cancer therapy. The “T body”
approach has several advantages over traditional immunotherapeutic methods. We have joined these two
approaches of adoptive immunotherapy and immunotoxin therapy to genetically engineer an improved
'immunocytolysin', which is an antibody scFv region attached to a cytotoxic T cell signaling molecule. Genes
for chimeric T cell receptors have been constructed containing the coding sequence of an antibody-derived
scFv directed against a tumor associated antigen, attached to the transmembrane and intracytoplasmic
sequences of a T cell signaling molecule. These genes are then transfected into cytotoxic T cells, thereby
conferring upon them the ability to specifically recognize and kill tumor cells. The scFvR design we have
developed combines antibody recognition and T cell signaling in one continuous protein and has been used to
endow murine and human cytotoxic cells with non-MHC-restricted, antibody-derived specificity. This T-body
approach combines the advantage of antibody specificity with the homing, tissue penetration, and target cell
destruction mediated by T lymphocytes.




Body

Our desired goal has been to use effector lymphocytes directed towards tumors as a treatment for breast
cancer, a type of adoptive immunotherapy. New developments in the field have led to a large increase in the
capability to test therapeutic strategies in animal models. Redirected adoptive immunotherapy of tumors
requires the introduction of a new receptor into T lymphocytes to reprogram their specificity to be directed
against tumor cells. This receptor can be a TCR with the appropriate specificity (1, 2) or even more
sophisticated a chimeric T cell receptor where the specificity is derived from an antibody recognition of a tumor
antigen (3). This latter configuration has the advantage of being MHC independent, thus individual unrestricted.
This specificity can even be supplied by a ligand (4, 5). The antibody can be selected for in immunized mice, in
the form of monoclonal antibody and its antigen-recognition unit (V-region) is then genetically attached to a
TCR signaling module. The genetic modification of T cells has undergone a huge increase in popularity driven
by some key advances in the underlying technology. One of these is the ability of retroviruses to transduce
efficiently T lymphocytes (6-18). Introduction of a suicide gene can control the effect of the lymphocytes (19,
20). Although great strides have been made in the ability to transduce T lymphocytes which have been
activated, increasing emphasis is being put on the transduction of naive resting T cells.

CONSTRUCTION OF scFvAb-CD28-Fc € Receptor Y chain CHIMERA

A model for the self/ non-self recognition of the immune response has lead to the two signal model (21,
22). It has long been known that stimulation of the TCR in naive lymphocytes leads to anergy a state of
profound unresponsiveness to antigenic stimulation. It could be that stimulation through a chimeric receptor in
naive lymphocytes could induce anergy (23, 24). On the other hand there may be some appropriate stimulation
in vivo that primes transgenic T cells for chimeric TCR activation (25). Only through the concomitant
stimulation of a co-stimulatory molecule like CD28 can an effector response be ensured to be mounted. In fact
if tumor cells which are able to present antigens are transfected to artificially express B7-1 (CD80), the ligand
for CD28, on their surface, they can stimulate the activation of cytolytic T cells and endows upon them the
ability to induce an immune response. CD28 is constitutively expressed on the cells surface of resting human T
cells as a homodimer of single immunoglobulin superfamily V-like domains (26). CD28 signaling can protect
activated T cells from programmed cell death and stabilize IL-2 mRNA (27-31). High affinity interactions can
bypass the CD28 requirement (32-35) even in CD8 positive cells (36). CTLA4, a receptor similar to CD28 but
with mostly inhibitory activity, also binds to the B7 ligands of CD28 with an even higher affinity. The soluble
CTLAA4Ig is an antagonist of CD28 binding and can block tumor rejection (37, 38). Human CD28 is functional
in mouse cells (39). A functional chimeric receptor has been made by fusing the CD28 cytoplasmic domain to
the extracellular and transmembrane regions of CD2 (40). A receptor made by attaching a single chain Fv
(scFv) to the CD28 transmembrane and cytoplasmic domains can be activated by the corresponding antigen
(41). One strategy to bypass the requirement for CD28 co-stimulation has been to create a single receptor
consisting of three segments, the scFv, the CD28 signaling module and a TCR signaling module such as the y




chain of the Fce receptor (42, 43). This receptor (Figure 1 ) has several advantages: Since it has the
transmembrane and cytoplasmic regions of CD28 it can provide for co-stimulation and prevention of apoptosis
of CD28 (44-46). This tripartite receptor also maintains the hinge region necessary for homodimerization and
allow spacing from the membrane which is advantageous in certain instances (47-50).

CD28 is homologous to CTLLA4 and as the structure of CTLA4 has been determined, it can be used as a
model for the structure of CD28. Alignment of their amino acid sequences to that of a mouse heavy chain
reveals that the sequence in CD28 IHV matches the BstE II site sequence in our single chain VTV (51).
Therefore the junction was made so that the junction is at a valine which is conserved between the end of the
framework 4 beta sheet of the variable region of the antibody (Kabat numbering 111) and a valine which is just
after the last beta sheet in CTLA4. Human CD28 was cloned from PBLs and Jurkat cells using the following
primers
#7966 BstE II primer for homodimer CD28 5' CCGGTCACCGTGAAAGGGAAACACCTTTGTCC
#7967 reverse 3' primer 5' CGCTCGAGGTGTCAAGATCTATAGGCTGCGAAGTCGCGTGG
In this way the single chain is attached to the CD28 hinge region, transmembrane region, and cytoplasmic
region.

At the end of the CD28 coding sequence was attached the y chain cytoplasmic region from QVR at a
BglII site. This deletes CRLKI at the end of the transmembrane or the beginning of the cytoplasmic region of
the Fce receptor y chain (52) (Figure 2).

TESTING TRIPLE CHIMERA IN CULTURED CELLS

The ability of this receptor to signal was tested first in a T cell hybridoma. A variant of the murine T cell
hybridoma MD45 which is lacking TCR expression, MD45.27], was transfected with DNA encoding scFv-anti-
TNP-CD28-y driven by a Rous Sarcoma virus promoter and carrying the bacterial neo gene to provide for G-
418 resistance in transfectants. A transfectant was selected by drug resistance and shown to produce specific
RNA (Figure 3a) and surface protein (Figure 3b).

Membrane compartmentalization has been shown to be important for TCR signaling and a co-
stimulation requirement has been shown for the microdomain formation (53-57). GPI linked membrane proteins
as well as cholesterol and ganglioside GM1, which is reactive which cholera toxin CTx, (58, 59) are found in
these microdomains. LAT, Lck, Fyn, CD44, CD59, CD55, CD48, CDw52 and Thy-1 and Ly-6 in mouse are
found in these microdomains (60-71). An independent method of insolubilizing the TCR is by attachment of the
cytoskeleton. This is differentiated from the microdomain insolubilization by its sensitivity to cytochalasin B
(72-74). The relationship of these structures to the protein complex formed on the membrane known as the
immunological synapse is not clear (75, 76). A connection has been found by the observation that rafts serve as
nucleation points for actin polymerization (71). This model has been summarized (77). However it is grossly
similar to the detergent insolubilization found with oncogenic transformation and other receptor activation (78,
79). Other immunological multisubunit receptors also undergo the same phenomenon (80, 81). Western
immunoblotting analysis demonstrated scFv-anti-TNP-CD28-y protein expression (Figure 4). The detergent




insoluble preparation was prepared as described previously (82). Specific protein, detected only as a high
molecular weight complex in the detergent-soluble raction of cell lysates was resolved at the expected size in
the detergent-insoluble fraction, suggesting association with detergent-insoluble lipid rafts. In contrast, a
chimeric receptor without the CD28 segment was not localized in the insoluble fraction.

The functionality of the chimeric receptor in this hybridoma was checked by examining its response to
antigen. The hybridoma was found to produce IL-2 in response to stimulation with either plastic-bound TNP-
fowl y-globulin (FyG) hapten-carrier protein conjugate or with a panel of TNP-modified target cells (Figures 5A
and 5B, respectively). The TNP is coupled to FyG at a coupling ratio of 12:1 TNP/FyG for stimulations.
Maximal responses to target cells were obtained by stimulation with the A20 B cell line, presumably due to
residual antigen-presentation properties. Stimulation with TNP-modified P815 or L1210 transfectants
expressing the costimulatory molecule CD28 or the death receptor Fas, respectively, did not significantly
modify responses relative to stimulation with the untransfected parental lines.

The cytolytic functions of the hybridoma was tested by determining its effectiveness in killing target
cells. It was found to display cytotoxicity towards TNP-modified A20 cells (Figure 5C). Therefore the CD28-
based receptor was fully functional in all assays.

INHIBITOR STUDIES

Without the ability to introduce these chimeric receptors into naive T cells, it is difficult to demonstrate
the difference between the chimeric scFv-CD28-y receptor and the scFv-y receptor without the CD28 moiety.
One possibility to demonstrate the altered drug sensitivity of CD28 compared to CD3 signaling. It was noted
early in the study of CD28 that it conferred resistance to cyclosporin A and led to studies on the differential
sensitivity of CD28 mediated signaling compared to CD3 mediated signaling (83-85). In lymphocytes, CD28
initiated signaling is cyclosporin resistant. In order to determine whether addition of the CD28 signaling module
conferred a differential sensitivity to inhibitors we compared the drug sensitivity of the CD28- y hybrid to a
chimeric receptor containing y alone. Subclones of a hybridoma transfectant expressing scFv-anti-TNP-CD28-y
were stimulated with TNP-FyG in the presence or absence of pharmacological inhibitors and changes in IL-2
production were monitored (Figure 6). Hybridoma transfectant STG-B expressing scFv-antiTNP-y was used as
a control to confirm CD28-mediated effect. Production of IL-2 triggered through the CD28-y receptor was
found to be specifically resistant to inhibition by the calcineurin inhibitor cyclosporin A as reported for
signaling via CD28 versus via TCR/CD3 (39).

CD28 contains an amino acid sequence YMNM which is capable of being phosphorylated and binding
phosphatidylinositol 3 kinase. This enzyme is very sensitive to wortmannin. This could be the enzyme which
regulates T cell survival through Akt/PKB (86). However CD28 is not the only receptor in the cell which
activates PI3K. In addition, hybridomas often show different drug sensitivities than peripheral blood
lymphocytes. However our hybridoma did show a differential sensitivity when the CD28 signaling module was
present on the chimeric receptor. In the presence of the PI-3 kinase inhibitor wortmannin, IL-2 production
triggered via the scFv-CD28-y receptor was specifically upregulated, as reported for signaling via CD28 versus




via TCR/CD3. It has been reported that at 10 uM wortmannin CD3 dependent IL-2 production is inhibited
whereas CD28 IL-2 production is stimulated (87).

GF 109203X, a bisindolylmaleimide, is used as a broad specificity inhibitor of the protein kinase C
family of enzymes which are ser/thr phosphorylating enzymes (88). The classical and novel subfamilies are
activated by phorbol esters and diacylglycerol, a product of phospholipase C action, whereas the atypical family
lacks a DAG binding domain. At a concentration of 30 nM GF109203X has been reported to inhibit stimulation
by CD3 antibody + PMA 81%, whereas CD28 antibody +PMA stimulated IL-2 synthesis in Jurkat cells was
inhibited 22%, strikingly more resistant (89). In our hybridoma, production of IL-2 triggered through the scFv-
CD28-y receptor was found to be specifically more resistant to inhibition by the PKC inhibitor GF109203X
than the scFv-y receptor, as reported for signaling via CD28 versus via TCR/CD3.

TRANSGENIC MICE

Adoptive transfer of transgenic lymphocytes in a mouse model can be a powerful way to examine
cytolytic T cell function in vivo (90-94). We have also introduced this molecule into the mouse germline to
create a transgenic mouse for animal models of chimeric T cell receptor therapy. The mouse, and even human,
FceRI v chain has been introduced into mice lacking the zeta chain and shown to replace it functionally (95, 96).
Two different systems were used for gene expression. One was a CD3 delta promoter driven expression vector
(97) and the other was driven by a CD2 promoter with a locus control region to ensure expression no matter
where the gene is inserted in the genome (98). Locus control regions can overcome heterochromatin induced
gene inactivation (99). We then plan to use these transgenic T cells in an adoptive therapy protocol to eradicate
tumor cells (100).

In order to test these concepts we created chimeric receptors with the specificity of anti-trinitrophenyl
(TNP) or anti-HER2. The anti-TNP specificity can retarget modified T cells to any cell suitably TNPylated
thereby providing an excellent test system to the T cell function. HER2 is overexpressed on breast cancer cells
and can provide an appropriate target for tumor cells.

A transgenic C57BL/6 mouse was made with about 50 copies of the transgene scFv-antiTNP-y driven
by the CD3 delta promoter. This construct integrated into the Y chromosome (Figure 7) and expressed RNA,
particularly well in the thymocytes (Figure 8). When outbred with BALB or SJL expression of mRNA
increased as previously reported for a different transgene (101, 102) (Figure 9). Despite the fact that the E. coli
gpt gene activated Ssml methylation in that transgene (103) and our construct does not contain that sequence,
possible some other sequence can activate Ssm in our construct. Although the splenocytes were activated with
anti-CD3 antibody, they were not activated by TNP-FyG.

To generalize these experiments to a breast tumor antigen, a chimeric receptor was made with an
antibody specificity to HER2. This receptor, scFvN29-Ig-y, was expressed using the CD3 delta regulatory
sequences in MD45/27J cells (Figure 10). Transgenic mice made with this receptor also had the genes
integrated into the Y chromosome (Figure 11). This gene was expressed as checked by immunoblotting (Figure
12A) and FACS (Figure 12B). Outbred transgenic mice expressed high levels of RNA (Figure 13A) and had




higher levels of this receptor on their splenocytes (Figure 13), however we were not able show that this receptor
is functional.

In order to test the effect of the triple chimera containing both the CD28 and Fce receptor y chain, a chimeric
receptor scFv-anti-TNP-CD28-y driven by the CD3 delta regulatory sequences was integrated into the C57B1/6
mouse genome in 40-60 copies (Figure 14). mRNA for the scFv-anti-TNP-CD28-y receptor was expressed in
the splenocytes of these mice. Immunoprecipitation and immunoblotting analysis also demonstrated expression
of transgene protein in splenocytes of these mice (Figure 15A). Immunofluorescence analysis of thymocytes
from Tg5.3 mice indicated low levels of transgene surface expression (Figure 15B)).

In an attempt to increase expression a similar construct was expressed with a CD2 regulatory region
containing a locus control region (98). However this did not have the desired result (Figure 16).

To test the hypothesis that chimeric receptor can trigger signal transduction pathways capable of
activating untreated primary splenocytes, the splenocytes were stimulated with immobilized TNP-FyG and then
IL-2 production and proliferation were measured at various time points. Prior to plating of cells, plates were
coated with 10 pg/ml FyG or TNP-FyG in phosphate buffered saline (PBS) overnight at 4°C, washed and
blocked. Stimulations were performed under two different conditions, either high or low cell density.

High cell density stimulations consisted of plating 20 x 10° splenocytes (approximately 12 x 10° T cells)
in a volume of 4 ml in 6-well plates. Low cell density stimulations consisted of plating 2.5 x 10’ splenocytes in
triplicate in a volume of 200 pl in microtiter plates.

Positive control stimulations were carried out with immobilized 2C11 in microtiter plates coated as
described above or with 10 ng/ml TPA plus 1 uM calcium ionophore. The scFv-antiTNP-y and scFv-antiHER2-
y expressing T cell hybridoma transfectants STG-B and y1.4, respectively, were used as positive control
effectors in IL-2 production assays. Production of IL-2 was assessed in triplicate by CTLL bioassay of 50 pl
aliquots of culture supernatants. Proliferation of CTLL was assessed by addition of 50 ul of 25 uM XTT/25 uM
phenazine methosulfate (PMS) dissolved in RPMI to cells in a volume of 100 ul. Following addition of
XTT/PMS, cultures were incubated at 37°C for 18-20 hours and OD,s, was measured. The proliferation index is
the fold increase in cell number caused by TNP stimulation and is defined as the number of TNP-FyG-
stimulated cells divided by the number of FyG-stimulated cells where cell number is obtained by converting
OD,, values via a standard curve.

Proliferation of splenocytes stimulated at high cell density was assessed in triplicate on 50 ul aliquots of
resuspended cell culture. They were processed in the same manner as above except the concentration of XTT
was raised to 50 pM.

a) Activation of untreated primary splenocytes of Tg5.3 mice by scFv-antiTNP-CD28-y

IL-2 production.

In a high density stimulation, specific production of IL-2 in response to stimulation with immobilized
TNP-FyG was observed starting at 48 hours post-stimulation, reached a peak at 72 hours and then declined to
background level by 120 hours (Fig. 16 , Fig. 18, top left). In comparison, IL-2 production induced by




stimulation of TCR/CD3 with anti-CD3 mAb gave maximal IL-2 production earlier, at 24 hours and declined to
background levels earlier (Fig. 19, left). The maximum levels of IL-2 induced via scFv-antiTNP-CD28-y were
61% of those induced by TCR/CD3 stimulation.

In a low density stimulation, production of IL-2 in response to stimulation with plastic-bound TNP-FyG
was induced at 48h post-stimulation and was sustained until the 96h time-point (Fig. 18, top right). Comparison
of the kinetics of IL-2 production induced by stimulation of TCR/CD3 by positive control stimulation with
2C11 versus that induced by scFv-antiTNP-CD28-y indicates that stimulation via TCR/CD3 induces maximal
IL-2 production earlier, at 24 hours, which then also declines to background levels earlier, by 72 hours (Fig. 19,
right). By the final time-point at 96 hours, levels of secreted IL-2 induced via scFv-antiTNP-CD28-y had
reached 75% of the maximum levels induced by TCR/CD3 stimulation.

Proliferation.

In a high density stimulation, proliferation increased slightly at 24 hours post-stimulation in response to
stimulation with immobilized TNP-FyG, as calculated by the proliferation index. The proliferation index then
decreased at the 48 hour and 72 hour time-points and then drastically increased to the highest levels measured in
the assay on the final time-point at 96 hours (Fig. 18, bottom left). This sudden elevation in proliferation index
late in the assay, when the culture conditions had deteriorated and apoptosis appeared widespread and therefore
is an increase in survival of the TNP-FyG stimulated cells rather than increased growth. This may reflect CD28-
specific pro-survival, anti-apoptotic mechanisms mediated by signaling via the CD28 sub-domain of scFv-
antiTNP-CD28y.

In a low density stimulation, specific proliferation in response to stimulation with plastic-bound TNP-
FyG was observed at 24 hours post-stimulation, increased to maximal levels at 72h and then declined slightly by
the final time-point of the assay at 96 h (Fig. 18, bottom right).

Results from preliminary experiments.

The proliferation and IL-2 production that were sustained for at least 96 hours in a low cell density
stimulation of untreated primary splenocytes with plastic-bound TNP-FyG has also been displayed by
splenocytes from one Tg5.3 mouse out of three in a preliminary optimization experiment (Fig. 20A). Shown in
these figures are the negative responses of irrelevant Fv control TgA4 splenocytes transgenic for scFv-
antiHER2-CD28-y. Identical proliferative responses were observed for 48 hours post-stimulation by cells from
all three mice, however proliferation of cells of mice Tg5.3-381 and -382 then declined to background levels by
the final time-point at 96 hours. This is in contrast to the cells of mouse Tg5.3-380 whose proliferation index
continued to increase for at least 96 hours, reaching a value of 3, the highest value obtained in these studies.
This marked divergence in proliferative response is mirrored in the observation that the cells of mouse Tg5.3-
380 sustained IL-2 production for at least 96 hours compared to only 48 hours at low level for cells from the
other two mice. Comparative analysis of transgene transcription by RT-PCR indicates that these splenocytes
expressed similar levels of scFv-antiTNP-CD28-y mRNA prior to stimulation (Fig. 20B), therefore, it appears
unlikely that differences in basal levels of transgene transcription account for the observed differences in

10




activation responses. A cytokine ELISA failed to detect any IL-4 (data not shown) in 20 microliter supernatant
aliquots corresponding to the set analyzed in the IL-2 production assay of these splenocytes shown in Fig. 20A.
All splenocyte samples were competent to produce IL-4 in response to stimulation with TPA/ionophore. The
absence of IL-4 production by cells from mouse Tg5.3-380 in conjunction with their production of IL-2
suggests that signaling by a tripartite receptor may induce differentiation of Thl cells. The absence of
significant levels of IL-4 production by cells from mice Tg5.3-381 and —382 does not support the possibility
that these did not produce high levels of IL-2 due to their differentiating into Th2 cells.

The significant divergence in IL-2 production responses among these three mice stands in contrast to the
more stable spectrum displayed by splenocytes from the seven Tg5.3 mice whose individual IL-2 production is
shown in high density stimulation (Figure 17). This may be due to differences in the splenocyte handling
conditions employed to set up these stimulations. In the stimulation with divergent responses, splenocytes were
batch-processed at room temperature which may be optimal for subsequent activation as opposed to processing
on ice, however samples further down in the processing queue (Tg5.3-381 and -382), held in air-exposed non-
HEPES buffered HBSS longer, were visibly exposed to increasingly alkaline conditions. In the high density
stimulation with reproducible responses, splenocytes were serially-processed on ice in HEPES-supplemented
HBSS in sealed tubes and were thus maintained at visibly more stable pH. These latter handling conditions may
represent a trade-off between optimizing activation potential, as observed in the high proliferation index of
splenocytes from mouse Tg5.3-380, versus optimizing stability of handling conditions.

b) Activation of primary splenocytes of Tg5.8 mice by scFv-anti-TNP-CD28-y

In a preliminary optimization experiment, untreated as well as pre-activated primary splenocytes pooled
from Tg5.8 mice produced IL-2 and proliferated in response to immobilized TNP-FyG in a low cell density
stimulation. Pre-activation of splenocytes with the anti-CD3 mAb 2C11 prior to stimulation via CR was
performed since such pre-activation was shown by Brocker and Karjalainen to be required to enable activation
of transgenic T cells via scFvR. Pre-activation of cells with anti-CD3 mAb in low cell density stimulation
assays was done as follows. Six-well plates were coated with 5 ug/ml of mAb 2C11 (104) as described above
for FyG. Aliquots of 25 x10° splenocytes in a volume of 4 ml were then stimulated on 2C11 for 48-72h,
removed from 2C11 and stimulated in IL-2 (100 U/ml) for an additional 24h. Cells were then washed and
aliquots of 10° cells were distributed into microtiter plates in a volume of 200 pl/well.

Pre-activated splenocytes were observed to proliferate on Day 2.5 after stimulation with TNP-FyG,
when first analyzed, and continued to proliferate until the final time-point on Day 5.5 (Figure 21, top left).
Production of IL-2 by pre-activated splenocytes was observed on Day 2.5 and declined to background levels by
Day 5.5 (Figure 21, bottom left). Maximal IL-2 production was higher in pre-activated cells than in untreated
cells, however their proliferation profiles were similar.

Without pre-activation, induction of proliferation in response to stimulation with plastic-bound TNP-
FyG was observed when first analyzed on Day 4 post-stimulation and increased until the final time-point of the
assay on Day 6 (Figure 21, top right). Production of IL-2 was evident on Day 1 post-stimulation, reached a peak
on Day 2 and declined to background levels by Day 3 (Figure 21, bottom right).
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Generation of transgenic mice containing scFV-anti-HER2-CD28-Fce Receptor y

To make a triple chimera with HER?2 specificity, a transgenic mouse line was generated by pronuclear
microinjection of B6 embryos with a construct for expression of (CD38)-scFv-anti-HER2-CD28-y. This line
was found to bear 100-150 genomically integrated copies of transgene (Fig. 21A) and splenocytes from these
mice were found to express scFv-antiHER2-CD28-y mRNA as determined by RT-PCR (Figure 22B). Inbred
hybrid transgenic mouse lines TgA4-B and —S, the F1 progeny of crosses between TgA4 males with Balb/c or
SJL females, respectively, were generated. These mice will be candidates to produce lymphocytes adoptive
transfer.

HUMAN LYMPOCYTES REDIRECTED WITH HEREGULIN RECEPTOR BINDING MOLECULES

Development of NDF as a lymphocyte re-directing molecule

To determine whether neuregulin is an effective ligand for preparing targeted lymphocytes, a fused gene
encoding the EGF domain of NDF/neuregulin f_and the signaling gamma chain of the F€RI receptor of T cells
was constructed and expressed on the surface of the cytotoxic MD.45 27] T cell hybridoma. We utilized the
EGF-like domain of NDF/neuregulin as a recognition ectodomain since it is considered to be the binding site of
the receptor which is sufficient to stimulate ErbB-2 phosphorylation. An immunoglobulin hinge region, 16
amino acids long and containing three cysteine residues, was inserted to offer additional flexibility for ligand-
receptor binding and possibly offer critical disulfide Yonds to maintain dimeric structure.

Expression of NDF/neuregulin-y_chimeric receptor in T cells

Following transfection into the MD.45 27J T cell hybridoma, the neuregulin-hinge-y expression was
tested by Western analysis. The fusion protein was expressed as a dimer, as expected from the disulfide linked
cysteine of the y chain and hinge, running at 16 kDa when immunoblotted under reducing, and at 32 kDa under
nonreducing conditions (Fig. 23 A,B). In the absence of antibodies against the NDF moiety, we examined
surface expression by surface biotinylating the cell transfectants followed by immunoprecipitation with anti-
gamma antibodies. These experiments revealed that the chimeric protein is extracellularly expressed at the
expected size of 16 kDa under reducing conditions (Fig. 23 C).

Surface expression of the ErbB receptors on tumor targets

Upon introduction of the chimeric neuregulin- based recognition element, we expected that these
transfected T cell hybridoma cells should be specifically triggered, without MHC restriction, to produce IL-2
upon incubation with specific target cells which overexpress the neuregulin binding molecules, HER3 or
HER4. We tested several human tumor cell lines for expression of HER1, HER2, HER3, and HER4 receptors
in order to establish the specificity of the chimeric neuregulin-gamma chain transfected T cells. MCF-7 and
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SKBR3 (breast carcinoma), IGROV and SKOV3 (ovarian carcinoma) and control NIH-3T3 cells were screened
by FACS analysis for the presence of these receptors. Results, depicted in Fig. 24, revealed that each tumor
target had a unique ErbB receptor family expression profile.

Functional activity of neuregulin-y chimeric receptor expressing T cells

All of the chimeric neuregulin-y chain MD.45 27] transfectants were tested for their ability to undergo
stimulation by the tumor target cells. The results, depicted in Fig. 25, demonstrate that the chimeric receptor-
bearing cells (represented by clones RSIG-12-4, RSIG-12-12, and RSIG-32) are specifically triggered to
produce IL-2 when stimulated by target cells which express high levels of ErbB-2 and also express
HER3/HER4 (SKBR3 and IGROV), but not by cells overexpressing ErbB-2 alone (SKOV3). All transfectants
could undergo stimulation with PMA and ionomycin and none were stimulated by NIH-3T3 fibroblasts, which
did not express detectable levels of any of the HER family of receptors. Table 1 summarizes the expression
patterns of the tumor cell lines and their stimulation of the neuregulin-y transfected hybridomas. .

Use of anti-ErbB antibodies to determine neuregulin-y T cell specificity

To test the specificity of our neuregulin-y chimeric receptor, we blocked stimulation with antibodies
specific to different members of the HER family (Fig. 26). Stimulation of the transfected T cells by SKBR3
cells (expressing HER2 and HER3) was completely inhibited with monoclonal anti-HER3 antibody C105,
which blocks the ligand binding site of the HER3 receptor (126). This ErbB-3 directed inhibition was specific
for the neuregulin-y transfected lymphocytes and, as anticipated, had little or no effect on the anti-HER2 N29-y
transfectants. The complete inhibition of neuregulin-y transfected T cell stimulation by SKBR3 in the presence
of anti-HER3 antibody not only demonstrated that the neuregulin directed T lymphocytes are specifically
stimulated in the presence of HER3, but it also verified that HER2 alone does not stimulate them. This
conclusion was in essence a confirmation of the earlier finding that tumor cells which expresses only HER2
(such as SKOV3), does not activate the transfectant for IL-2 secretion (Fig. 25). SKOV3 cells serve as a good
stimulators for T cells expressing the anti-HER2 N29-y chimeric receptor derived from scFv of anti-HER2 mAb
(data not shown).

Nevertheless, the results do not explain why both IGROV and SKBR3, which express direct neuregulin
receptors HER3 and/or HER4, could stimulate our neuregulin-y transfectants whereas MCF-7, shown to express
HER3 receptors at levels comparable to SKBR3, could not. The most conspicuous difference between MCF-7
and SKBR3 cell lines is the level of HER2 expression; it is extremely low on MCF-7, and high on SKBR3
(Fig. 24). To check the effect of HER2 expression on neuregulin-y receptor mediated T cell triggering we used
a large panel of anti-HER2 antibodies at our disposal (127) to determine if any had the ability to downregulate
the HER2 receptor. Indeed, two antibodies, L288 (data not shown) and L26 reduced the extracellular
expression of HER2, while five other antibodies, represented by MAb 1140, did not (Fig. 27A). None of the
anti-HER2 antibodies cross-react with the HER1, HER3, or HER4 receptors and none compete for the same
HER?2 epitope ((38) and data not shown). The downregulation of HER?2 receptors could be viewed kinetically
(Fig. 27B) with the maximum internalization at 2 hours.
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We used this panel of anti-HER?2 antibodies to test their effects on the SKBR3 stimulation of the
neuregulin-directed T lymphocytes. Indeed, antibody L26, representative of the internalizing antibodies, but
not antibody L140, representative of the non-internalizing antibodies, could completely inhibit the stimulation
(Fig. 28). This L26-mediated inhibition of SKBR3 stimulation was as effective as the inhibition mediated by
antibody C105, which blocks the ligand binding site of HER3 (data not shown). Taken together, these results
demonstrate that coexpression of both HER2 and HER3 is critical for stimulation of the neuregulin-directed T
lymphocytes.

Preparation of retrovirus to transduce tripartite receptors into human lymphocytes

We have developed a retroviral system for the introduction of the chimeric T cell receptors into human
lymphocytes. It is a Moloney leukemia virus based system (50) with the chimeric receptor expressed from the
retroviral LTR and followed by an IRES enabling the expression of a downstream GFP gene (105, 106). GFP is
an efficient method of marking human lymphocytes (107). This transfer vector is packaged in a Ping-Pong
system (108) and infected into PG13, a packaging cell line expressing the gibbon ape leukemia virus envelope
protein (13, 16, 17, 109). Infection of anti-CD3 and anti-CD28 activated lymphocytes was performed as
described previously (10, 110). The packaging cells can be sorted on the basis of the green fluorescence to give
a population of cells producing virus. They can also be cloned by sorting cells into individual wells to give a
virus producing line (Figure 29).

For optimal transduction of human peripheral blood lymphocytes with retroviruses the lymphocytes are
activated. They are grown in RPMI with fetal calf serum (FCS) without IL-2 with plastic bound anti-CD3 and
anti-CD28 antibodies for 48 hours. They are then infected with supernatant containing virus from the packaging
cell line on plates coated with recombinant fibronectin fragments (Retrofectin™). The infection is done in the
presence of 50 U/ml of IL-2 for 5 hours. The cells are then grown for 24 hours in RPMI-FCS with 100 U/ml of
IL-2 and the infection repeated for another 5 hours. Low concentrations of IL-2 were used to prevent to
propagation of natural killer cells. Higher concentrations are used for the production of lymphokine-activated
killer (LAK) cells (111).

Two targeting molecules were used in this transfer vector. These targeting molecules were directed
towards the heregulin receptor, which is composed of HER2 and HER3 or HER4. One is a scFv targeting HER2
based on the N29 monoclonal antibody (112, 113). Heregulin itself has been used as the targeting molecule for
toxins, viruses and cells (5, 114-119). In our case we have a YOL epitope tag to facilitate the detection of
chimeric receptor expression by a monoclonal antibody (120).Indeed, human PBL, activated with anti-
CD28+CD3 antibodies and transduced by supernatants of retrovector producing packaging cells, expressed the
chimeric receptors and GFP (30-40% of the cells were stained, data not shown). Chinese hamster ovary (CHO)
cells and 32D, a mouse hematopoietic cell line (121-123), display lower background killing. These cells have
been transfected with HER2 together with HER3 (124, 125). When these cells are used as targets, HER2/3
dependent killing is much clearer (Figures 30, 31). Sensitivity is correlated to the level of expression of
HER2/3. The CHO cells with HER2 and HER3 contain 60,000 NDF receptors with an affinity of 2 nM(124).
The 32D cells with HER2 and HER3 express about 12,000 NDF receptors (125).
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We tried different methods for activating the lymphocytes to prime them for killing. Figure 32 shows the
results of killing with lymphocytes which have been activated by OKT3, an antibody to CD3, and anti-CD28, or
with that antibody combination with added IL-2 or withIL-2 alone. It is apparent that IL-2 stimulation
suppressed the non-specific killing leading to specific killing of 32D cells expressing HER2 and HER3 by anti-
HER?2 directed lymphocytes. '

Taken together we have in various stages of development with the lead target, HER2, targeted by human
lymphocytes genetically engineered by retroviral transduction of a chimeric scFv-T cell receptor.
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Figure 1. ErbB-SPECIFIC CHIMERIC RECEPTOR GENES
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Figure 3. Hybridoma transfectant expresses scFv-antiTNP-CD28-y mRNA and scFv-antiTNP-
CD28-y surface proteins. (A) Complementary DNA was PCR amplified with scFv-antiTNP-CD28-y
specific primers. To control for amplification from spliced RNA and to normalize samples, cDNA
was co-amplified with intron-flanking CD38 primers which generate a 345 bp or a 759 bp
amplification product from spliced or unspliced CD38 mRNA, respectively. Reaction products were
separated by agarose gel electrophoresis and visualized by EtBr staining. (B) Immunofluorescence
analysis of scFv-antiTNP-CD28-y surface expression. Primary staining reagents, biotinylated anti-
(anti-TNP mAb) Sp6-idiotype mAb GK-20.5 (bold line) or irrelevant staining reagent, biotinylated
anti-DNP mAb U-7.6; secondary detection reagent, FITC-streptavidin.
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Figure 4. Subcellular localization of scFv-antiTNP-CD28-y protein by Western
immunoblotting. Detergent soluble protein fraction represents NP-40 lysate supernatant and
detergent insoluble fraction was obtained homogenization of NP-40 insoluble precipitate in
RIPA lysis buffer. Lysate proteins were separated by SDS-PAGE under reducing conditions,
blotted onto nitrocellulose and stained with rabbit anti-y serum followed by staining with
HRP-protein A and visualized by ECL. The hybridoma transfectant STG-B expressing scFv-
antiTNP-y and the parental untransfected line 27J were used as positive and negative
controls, respectively.
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Figure 5. Hybridoma transfectant expressing Sp6-CD28-y is activated to perform effector functions
in response to stimulation with TNP. (A) Stimulation of IL-2 production by plastic-immobilized TNP-
FyG. (B) Stimulation of IL-2 production by TNP-modified cells. Target cells; A20, BALB/c B
lymphoma-derived cell line; L1210, murine leukemia; L1210(FAS), L1210-derived transfectant
expressing fas; P815, murine mastocytoma; P815(B7), P815-derived transfectant expressing B7. (C)
Cytolysis of TNP-modified A20 cells. 27J, untransfected parental hybridoma effector negative control; -
CD28 is a hybridoma transfectant expressing scFv-anti-TNP-y.
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Figure 6. Signaling for IL-2 production by scFv-antiTNP-CD28-y contains a CD28-specific
signaling component. Hybridoma transfectant clones expressing scFv-antiTNP-y (STG-B) or scFv-
antiTNP-CD28-y (BNN-A subclones 8.3 and 8.9) were stimulated to produce IL-2 by immobilized
TNP-FgG in the presence or absence of pharmacological inhibitors. The untransfected parental clone
27J was used as negative effector control and medium and TPA+ionophore were used as negative and

positive stimulator controls, respectively. Stimulations were performed with 106 cells/well in 24-well
plates in a volume of 1 ml. Cells were stimulated for 24h and triplicate supernatant aliquots were
harvested. The IL-2 content was determined via CTLL IL-2 bioassay and quantitation of CTLL
proliferation by MTT. To compensate for the effect of residual inhibitor on the growth response of
CTLL to IL-2, the effect of 27J + inhibitor-conditioned supernatants on the growth response of CTLL
to a mid-range concentration of IL-2 was determined. Only GF had such an effect and a multiplication
factor (MF) of 1.2 (vs 1.0 for CsA and wortmannin) was used to normalize quantitation of IL-2
production by this inhibitor. The BNN-A clones whose results are shown are those which produced a
quantifiable mid-range quantity of IL-2 upon stimulation in the absence of inhibitor, similar to that
produced by the reference scFv-antiTNP-y transfectant clone STG-B.

(%A IL-2 production) = 100 x (IL-2 production + inhibitor)x(MF)/(IL-2 production - inhibitor).
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Figure 7. Mouse line Tgl184 transgenic for (CD33)-scFv-antiTNP-y bears ~50 copies of
transgene integrated in the Y chromosome. (A) Male-specific PCR-amplification of scFv-

antiTNP-y sequences from genomic DNA of F1 and F2 progeny descended from the founder
male of line Tg184.

B scFv-antiTNP-y
copy number

Tg184 5 10 15
e 0wl e < —scFV-antiTNP-y

B) Estimation of the number of genomically integrated copies of transgene. Copy number
estimation was performed via semi-quantitative PCR amplification of a scFv-antiTNP-y
specific sequence from genomic DNA and from copy number standards composed of
C57BL/6 DNA containing dosed quantities of transgene-encoding vector. Amplification
products were separated by agarose gel electrophoresis and visualized by EtBr staining.
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Figure 8. Expression of (CD30)-scFv-anti-TNP-y transgene in splenic T cells of Tg184 mice.
(A) Splenic T cells from transgenic moase line Tgl84 express scFV-antiTNP-y mRNA.
Complementary DNA from splenic T cells (S) purified by panning on immobilized Ig and
thymocytes (T) was PCR-amplified with Sp6-y specific primers. To control for amplification from
mature spliced mRNA and to normalize samples cDNA was amplified with intron-flanking CD35
primers which generate a 345 bp or a 759 bp amplification product from spliced or unspliced CD3d
mRNA, respectively. Reaction products were separated by agarose gel electrophoresis and
visualized by EtBr staining. (B) Immunofluorescence analysis of scFv-antiTNP-y surface
expression. Primary staining reagent, anti-Sp6-idiotype mAb GK-20.5; irrelevant primary staining
reagent, anti-DNP mAb U-7.6 (solid fill); secondary detection reagent; PE-donkey anti-mouse IgG
polyclonal Ab.
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Figure 9. Hybrid Tgl84-B and Tgl84-S splenocytes express scFv-antiTNP-y
mRNA at higher levels than Tgl184. Complementary DNA prepared from whole
splenocytes was PCR amplified with scFv-antiTNP-y specific primers (top).
Amplification with intron-flanking CD3d-specific primers was performed to control
for amplification from mature spliced mRNA and to normalize samples (bottom).
These primers amplify a 345 bp or a 759 bp sequence from cDNA generated from
spliced or unspliced CD3d sequences, respectively. Reaction products were separated
by agarose gel electrophoresis and visualized by EtBr staining.
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Figure 10. Hybridoma transfectant BNN-D expresses CD3d-regulated scFV-antiHER2-Ig-y
protein. (A) Immunoblotting analysis of protein expression. Lysate proteins were separated by
SDS-PAGE under non-reducing conditions, blotted onto nitrocellulose and stained with rabbit
anti-N29 (anti-HER2 mAb) serum followed by staining with HRP-protein A and visualized by
ECL. The untransfected parental line 27J was used as negative control.
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(B) Immunofluorescence analysis of receptor surface expression. Primary staining reagent,
rabbit anti-N29 (anti-HER2 mAb) serum (bold); irrelevant primary staining reagent, normal
rabbit serum; secondary detection reagent, FITC-goat anti-rabbit IgG Ab.
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Figure 11. Mouse line TgA3 transgenic for (CD30)-scFv-antiHER2-Ig-y bears 75-100
copies of transgene integrated in the Y chromosome. (A) Male-specific PCR-amplification of
scFv-antiHER2-Ig-y sequences from genomic DNA of F1 and F2 progeny descended from the
founder male of line TgA3. (B) Estimation of the number of genomically integrated copies of
transgene. Copy number estimation was performed via semi-quantitative PCR amplification of a
scFv-antiHER2-Ig-y specific sequence from genomic DNA and from copy number standards
composed of C57BL/6 DNA containing dosed quantities of transgene-encoding vector.
Amplification products were separated by agarose gel electrophoresis and visualized by EtBr

staining.
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Figure 12. Expression of transgene protein in T cells from mouse line TgA3
transgenic for (CD30)-scFv-antiHER2-Ig-y . (A) Immunoblotting analysis of protein
expression in splenocytes. Lysate proteins were separated by SDS-PAGE under reducing
conditions, blotted onto nitrocellulose and stained with rabbit anti-N29 (anti-HER2 mAb)
serum followed by staining with HRP-protein A and were visualized by ECL. The scFv-
antiHER2-Ig-y expressing hybridoma transfectant AIGM and its untransfected parental line
27J were used for positive control. (B) Immunofluorescence analysis of surface expression
in thymocytes of TgA3 mice. Primary staining reagent, rabbit anti-N29 (anti-HER2 mAb)
serum; irrelevant primary staining reagent; normal rabbit serum (dotted line); secondary

detection reagent, FITC-goat anti-rabbit IgG Ab.
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Figure 13. Expression of (CD30)-scFv-antiHER2-Ig-y in splenocytes from hybrid TgA3-B
and TgA3-S mice. (A) Splenocytes from TgA3-B and TgA3-S mice express scFv-antiHER2-
Ig-y mRNA. Complementary DNA was PCR-amplified at sub-saturating levels with scFv-
antiHER2-Ig-y specific primers (top). To control for amplification from mature spliced mRNA
and to normalize samples, cDNA was amplified with intron-flanking CD3d-specific primers
(bottom). These primers amplify a 345 bp or a 759 bp sequence from cDNA generated from
spliced or unspliced CD38 mRNA, respectively. Reaction products were separated by agarose
gel electrophoresis and visualized by EtBr staining. (B) Splenocytes from hybrid TgA3-B and
TgA3-S mice express higher levels of scFv-antiHER2-Ig-y surface protein than TgA3. For
immunofluorescence analysis splenocytes were stained with rabbit anti-N29 (anti-HER2 mAb)
serum followed by staining with FITC-goat anti-rabbit IgG Ab. Shown here are histogram
overlays of the indicated hybrid cells (solid line) over TgA3 cells (dashed line).
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Figure 14. Mouse lines TgS.3 and TgS5.8 transgenic for (CD3d)-scFv-antiTNP-CD28-y
have ~40 and ~60 integrated copies of transgene, respectively, and express transgene
mRNA. (A) Estimation of genomic transgene copy number. Copy number estimation was
performed via semi-quantitative PCR amplification of a scFv-antiTNP-CD28-y specific
sequence from genomic DNA and from copy number standards composed of C57BL/6
genomic DNA containing dosed quantities of transgene-encoding vector. (B) Expression of
scFv-antiTNP-CD28-y mRNA in Tg5.3 and Tg5.8 splenocytes. Complementary DNA was
PCR amplified with scFv-antiTNP-CD28-y specific primers (top). To control for
amplification from mature spliced mRNA and to normalize samples, cDNA was amplified
with intron-flanking CD30 primers (bottom). These primers generate a 345 bp or a 759 bp
amplification product from mature spliced mRNA or from unspliced sequences, respectively.
PCR reaction products were separated by agarose gel electrophoresis and visualized by EtBr
staining.
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Figure 15. Mouse lines Tg5.3 and Tg5.8 transgenic for (CD35)-scFv-antiTNP-CD28-y express
transgene protein. (A) Expression of scFv-antiTNP-CD28-y protein in Tg5.3 and Tg5.8 splenocytes.
Detergent lysates were immunoprecipitated with anti-Sp6 (anti-TNP mAb) idiotype mAb GK20.5

and protein was separated by SDS-PAGE under reducing conditions. Protein was blotted onto
nitrocellulose and stained with rabbit anti-y serum followed by staining with HRP-protein A and

visualized by ECL. The scFv-antiTNP-CD28-y expressing T cell hybridoma transfectant BNN-A and
its untransfected parental line 27J were used for positive control. Non-transgenic C57BL/6 (B6) cells

were used as negative primary lymphocyte controls. Each lane contains lysate from 50 x 106 primary

lymphocytes or 6 x 106 hybridoma cells. (B) Immunofluorescence analysis of scFv-antiTNP-CD28-y
surface expression in transgenic thymocytes. Cells from the indicated transgenic strain (solid line)
and from non-transgenic C57BL/6 mice (dashed line) were stained with biotinylated GK-20.5 and

secondarily with FITC-streptavidin.
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Figure 16. Expression of (CD2)-scFv-antiTNP-CD28-y protein in T cells of Tg8.3-B
mice. Thymocytes of Tg8.3-B mice were analyzed for expression of transgene protein by
immunoprecipitation and Western immunoblotting analysis. Detergent lysates were
immunoprecipitated with anti-Sp6 (anti-TNP mAb)idiotype mAb GK20.5, separated by SDS-
PAGE under partially reducing conditions (required to maintain Sp6 detection epitope) and
blotted onto nitrocellulose. Blots were stained with GK20.5 mAb followed by secondary
staining with HRP-coupled goat-anti-mouse IgG Ab and specific protein was visualized by
ECL. The scFv-antiTNP-CD28-y expressing T cell hybridoma transfectant BNN-A and its
untransfected parental line 27J were used for positive control. Non-transgenic CB6F1 cells

were used as negative primary lymphocyte controls. Each lane contains lysate from 50 x 106

primary lymphocytes or 5 x 106 hybridoma cells.
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Figure 17. Untreated primary splenocytes from mouse line Tg5.3 transgenic for scFv-
antiTNP-CD28-y produce IL-2 in response to TNP stimulation. Data were derived from
parallel stimulations of seven Tg5.3 and two non-transgenic C57BL/6 mice at high cell
density.
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Figure 18. Untreated primary splenocytes from mouse line Tg5.3 transgenic for scFv-antiTNP-
CD28-y proliferate and produce IL-2 in response to TNP stimulation. Data represents average
values obtained from parallel stimulations of two non-transgenic C57BL/6 mice and seven Tg5.3
mice.
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Figure 19. Comparison of IL-2 production by primary Tg5.3 splenocytes transgenic for
scFv-antiTNP-CD28-y in response to stimulation with TNP or 2C11. Data shown
represents average values derived from parallel stimulations of two non-transgenic C57BL/6
mice, and seven and five Tg5.3 mice at low and high cell density, respectively.
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Figure 20. Untreated primary splenocytes from mouse line Tg5.3 transgenic for scFv-antiTNP-

CD28-y are activated in response to TNP. (A) Stimulation assay at low cell density of primary
splenocytes from mouse line Tg5.3. Mouse line TgA4 transgenic for scFv-antiHER2-CD28-y was
used as irrelevant Fv control. Data shown was obtained in a preliminary experiment. (B)
Splenocytes from mice Tg5.3-380, -381 and -382 transcribe similar levels of scFV-antiTNP-CD28-y
mRNA. Complementary DNA was PCR-amplified to sub-saturating levels with scFv-antiTNP-
CD28-y specific primers (top). Amplification with intron-flanking CD38-specific primers was
performed to control for amplification from mature spliced RNA and to normalize samples (bottom).
These primers amplify a 345 bp or a 759 bp sequence from cDNA generated from spliced or
unspliced CD38 mRNA, respectively. Reaction products were separated by agarose gel
electrophoresis and visualized by EtBr staining.
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Figure 21. Untreated and pre-activated primary splenocytes from mouse line Tg5.8 transgenic
for scFv-antiTNP-CD28-y are activated in response to TNP. Data was obtained from stimulation
at low cell density of splenocytes pooled from two mice. For pre-activation, splenocytes were
incubated on immobilized anti-CD3 mAb 2C11 for 48-72 h followed by 24 h of IL-2 stimulation
prior to stimulation with TNP. In comparison to the other figures, the proliferation index is the value

of the points indicated by the squares divided by the value of the points indicated by the circles.
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Figure 22. Mouse line TgA4 transgenic for (CD30)-scFv-antiHER2-CD28-y bears 100-
150 (homozygous) integrated copies of transgene and expresses transgene mRNA. (A)
Estimation of genomic transgene copy number. Copy number estimation was performed via
semi-quantitative PCR amplification of a scFv-antiHER2-CD28-y specific sequence from
genomic DNA and from copy number standards composed of C57BL/6 (B6) genomic DNA
containing dosed quantities of transgene-encoding vector. Samples were co-amplified with
CD36-specific primers to normalize template quantitation. (B) Splenocytes from mouse line
TgA4 express scFv-antiHER2-CD28-y mRNA. Complementary DNA was PCR amplified

with scFv-antiHER2-CD28-y specific primers (top). To control for amplification from
spliced RNA and to normalize samples cDNA was separately amplified with intron-flanking
CD38 primers (bottom). These primers generate a 345 bp or a 759 bp amplification product

from mature spliced mRNA or from unspliced sequences, respectively. PCR reaction
products were separated by agarose gel electrophoresis and visualized by EtBr staining.
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Figure 23. Expression of the neuregulin-y construct. Immunoblot analysis using
anti-gamma antibody of lysates prepared from either the MD.45 27J hybridoma or
transfectants. (A) Non-reduced and (B) reduced 10% acrylamide gels. (C)
Surface expression of the chimeric neuregulin-based receptor in transfected MD.45

277 cells. Cells (25 x 100) were surface biotinylated, immunoprecipitated with
anti-Fce v chain antibodies, and immunoblotted with peroxidase-labeled
streptavidin.
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Figure 25. Interleukin-2 production by neuregulin-gamma transfected T
lymphocytes stimulated by tumor cell targets. Supernatants were collected and
tested for their ability to support the proliferation of an IL-2 dependent CTL-L line

using the methyltetrazolium colorimetric assay.
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Figure 26. Anti-ErbB-3 antibody (C105) inhibits interleukin-2 production
induced by SKBR3 stimulation of neuregulin (RSIG) but not anti-ErbB-2 (N29-Y)
chimeric receptor expressing transfectants.
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Figure 27. (A) Internalization of ErbB-2 receptors mediated by anti-ErbB-2 monoclonal
antibodies. Antibodies were incubated with SKBR3 cells on ice in order to adhere and then

antibody bound cells were incubated at 37°C for 90 minutes to allow receptor internalization.
ErbB-2 receptor levels were determined by labeling with biotinylated anti-ErbB-2 (N29) antibody
staining, detected by PE-strepatavidin and analyzed by FACS. Shown are the internalization
effects of L1140, 1.26, or isotype matched control anti-DNP antibody U7.6. (B) Kinetics of anti-
ErbB-2 antibody-mediated internalization of ErbB-2 receptor on SKBR3 cells. Anti-ErbB-2 L.26
monoclonal antibody was reacted with SKBR3 cells on ice followed by receptor internalization at

37°C for O minutes, 20 minutes, or 2 hours. Isotype-matched anti-DNP antibody U7.6 was
incubated with SKBR3 cells on ice followed by 2 hours at 37°C as a control. ErbB-2 receptor

levels were determined by labeling with biotinylated anti-ErbB-2 N29 antibody staining, detected

by PE-strepatavidin and analyzed by FACS.
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Figure 28. Inhibition of interleukin-2 production by neuregulin-y transfected T
lymphocytes stimulated by SKBR3 cells, in the presence of anti-HER2 (L.140 and
L26) and anti-HER3 (C105) antibodies.
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Figure 29- FACS analysis of packaging cell line construction. The left-hand side of the figure is the
construction of the PA317-derived cell line that produces virus with an amphotropic host range. The
right side of the figure is the construction of the PG13-derived cell line that produces virus with the
gibbon ape leukemia virus envelope. The top figures are the results after the initial infection from the
‘Ping-Pong’ produced virus. For the infection of PA317, 6.5% of the cells expressed GFP and for the
infection of PG13 10% produced GFP. The initial infected cells were sorted for fluorescence giving a
population that was 97% positive for GFP in both infections. Clones from these infections were
expanded and the ones from PG13 were very positive and the ones from PA317 were less so.
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Figure 30- N29-directed killing by transduced human PBL. PBL were transduced with a chimeric
receptor bearing an anti-HER2 scFv. Killing is measured by the release of SICr. C23 is CHO
transfected with HER2 and HER3. D23 is 32D transfected with HER2 and HER3. The solid part of
the bar is the amount of killing done by uninfected lymphocytes whereas the striped bar is that done
by transduced lymphocytes. The results for 2 different time points for each experiment are shown, 4

hours (4 h) and 7 hours (7 h). page 45
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Figure 31- NDF-directed killing by transduced human PBL. PBL were transduced
with a chimeric receptor bearing NDF. Killing is measured by the release of >1Cr.
C23 is CHO transfected with HER2 and HER3. D23 is 32D transfected with HER2
and HER3. The solid part of the bar is the amount of killing done by uninfected
lymphocytes whereas the striped bar is that done by transduced lymphocytes. The
results for 2 different time points for each experiment are shown, 4 hours (4 h) and
7 hours (7 h). page 46




OKT3/CD28 Stimulation

— 1 nore
—A— sPe
8017 —ill— NDOF
—A— N29
60 1
40 1
- \\

2(I):1 ' 16:1 ' 5I:1
OKT3/CD28 +IL2 Stimulation

7

20:1 . 1(l):1 ' 5:
IL2 Stimulation

—

I/

20:1 10:1 5:1

Figure 32. Killing of D23 target cells by transduced lympocytes. Lymphocytes were
activated with different regimes before killing assay as described in previous figure.
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Table I. Summary of HER2 receptor surface expression of tumor cells and their ability to
stimulate T lymphocyte lines transfected with chimeric neuregulin-y receptors.

Degree of staining of: Stimulation of
HER1 HER2 HER3 HER4 transfectants
IGROV  ++++ ++/+++ + +H4++ +
MCE-7 -- + ++ - -
SKOV3 ++++ ++++ - - -
SKBR3 +++ +4+++ ++ -- +

NIH-3T3
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6) KEY RESEARCH ACCOMPLISHMENTS

» Construction and demonstration of functionality of a tripartite T cell receptor composed of scFv, CD28 and
FceRy

« Construction of a transgenic mouse containing and functionally expressing the gene for a tripartite scFv-
anti-HER2-CD28-FceRy

 Construction of a tripartite T cell receptor using heregulin as the recognition unit to target effector T cells to
HER?2 expressing breast tumors

» Production of a retrovirus which can transduce anti-HER?2 targeting agent tripartite receptors.
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7) REPORTABLE OUTCOMES
Partial fulfillment of Ph.D. requirement for Dr Sara Feigelson
Partial fulfillment of Ph.D. requirement of Alain Ben-David

Acquired Cell Factory Grant from European Union
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8) CONCLUSIONS:

In this reporting period we have been studying the construction of tripartite receptors consisting of a targeting
molecule such as a scFv or a ligand, a portion of the co-stimulatory molecule CD28, and the signaling portion
of the cytoplasmic domain of the Fce receptor y chain. We have expressed these molecules in the splenocytes of
transgenic mice and human lymphocytes which have been transduced with this gene. These chimeric receptors
appeared functional and demonstrated a full T cell stimulation upon encountering the target antigen. We
strongly believe that this receptor configuration is more advantageous than the previous one we and others were
studying. In the next period we will establish the function such as tumor killing of these modified lymphocytes
in in-vivo models.

51




9) REFERENCES

1.

10.

11.

12.

13.

Clay TM, Custer MC, Sachs J, Hwu P, Rosenberg SA, Nishimura MI. 1999. Efficient transfer of a tumor
antigen-reactive TCR to human peripheral blood lymphocytes confers anti-tumor reactivity. J Immunol
163: 507-13

Willemsen RA, Weijtens ME, Ronteltap C, Eshhar Z, Gratama JW, Chames P, Bolhuis RL. 2000.
Grafting primary human T lymphocytes with cancer-specific chimeric single chain and two chain TCR .
Gene Ther 7: 1369-77

Eshhar Z. 1997. Tumor-specific T-bodies: towards clinical application. Cancer Immunology
Immunotherapy 45: 131-6

Muniappan A, Banapour B, Lebkowski J, Talib S. 2000. Ligand-mediated cytolysis of tumor cells: Use
of heregulin-zeta chimeras to redirect cytotoxic T lymphocytes. Cancer Gene Therapy 7: 128-34
Altenschmidt U, Kahl R, Moritz D, Schnierle BS, Gerstmayer B, Wels W, Groner B. 1996. Cytolysis of
tumor cells expressing the Neu/erbB-2, erbB-3, and erbB-4 receptors by genetically targeted naive T
lymphocytes. Clin Cancer Res 2: 1001-8

Movassagh M, Boyer O, Burland MC, Leclercq V, Klatzmann D, Lemoine FM. 2000. Retrovirus-
mediated gene transfer into T cells: 95% tranzduction efficiency without further in vitro selection . Hum
Gene Ther 11: 1189-200

Ferrand C, Robinet E, Contassot E, Certoux JM, Lim A, Herve P, Tiberghien P. 2000. Retrovirus-
mediated gene transfer in primary T lymphocytes: influence of the transduction/selection process and of
ex vivo expansion on the T cell receptor beta chain hypervariable region repertoire . Hum Gene Ther 11:
1151-64

Dardalhon V, Jaleco S, Rebouissou C, Ferrand C, Skander N, Swainson L, Tiberghien P, Spits H, Noraz
N, Taylor N. 2000. Highly efficient gene transfer in naive human T cells with a murine leukemia virus-
based vector. Blood 96: 885-93

Wu AG, Liu X, Mazumder A, Bellanti JA, Meehan KR. 1999. Improvement of gene transduction
efficiency in T lymphocytes using retroviral vectors. Hum Gene Ther 10: 977-82

Pollok KE, Hanenberg H, Noblitt TW, Schroeder WL, Kato I, Emanuel D, Williams DA. 1998. High-
efficiency gene transfer into normal and adenosine deaminase-deficient T lymphocytes is mediated by
transduction on recombinant fibronectin fragments. J Virol 72: 4882-92

Fehse B, Schade UM, Li Z, Uhde A, Koch S, Goller B, Ruger R, Fehse N, Stockschlader M, Zander AR.
1998. Highly-efficient gene transfer with retroviral vectors into human T lymphocytes on fibronectin. Br
J Haematol 102: 566-74

Breems DA, Van Driel EM, Hawley RG, Siebel KE, Ploemacher RE. 1998. Stroma-conditioned
medium and sufficient prestimulation improve fibronectin fragment-mediated retroviral gene transfer
into human primitive mobilized peripheral blood stem cells through effects on their recovery and

transduction efficiency. Leukemia 12: 951-9

Bunnell BA, Metzger M, Byrne E, Morgan RA, Donahue RE. 1997. Efficient in vivo marking of
primary CD4+ T lymphocytes in nonhuman primates using a gibbon ape leukemia virus-derived
retroviral vector. Blood 89: 1987-95

52




14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

Rudoll T, Phillips K, Lee SW, Hull S, Gaspar O, Sucgang N, Gilboa E, Smith C. 1996. High-efficiency
retroviral vector mediated gene transfer into human peripheral blood CD4+ T lymphocytes. Gene Ther
3: 695-705

Porter CD, Collins MK, Tailor CS, Parkar MH, Cosset FL, Weiss RA, Takeuchi Y. 1996. Comparison
of efficiency of infection of human gene therapy target cells via four different retroviral receptors. Hum
Gene Ther 7: 913-9

Lam JS, Reeves ME, Cowherd R, Rosenberg SA, Hwu P. 1996. Improved gene transfer into human
lymphocytes using retroviruses with the gibbon ape leukemia virus envelope. Hum Gene Ther 7: 1415-
22

Eglitis MA, Schneiderman RD, Rice PM, Eiden MV. 1995. Evaluation of retroviral vectors based on the
gibbon ape leukemia virus. Gene Ther 2: 486-92

Bunnell BA, Muul LM, Donahue RE, Blaese RM, Morgan RA. 1995. High-efficiency retroviral-
mediated gene transfer into human and nonhuman primate peripheral blood lymphocytes. Proc Natl
Acad Sci U S A 92:7739-43

Bonini C, Ferrari G, Verzeletti S, Servida P, Zappone E, Ruggieri L, Ponzoni M, Rossini S, Mavilio F,
Traversari C, Bordignon C. 1997. HSV-TK gene transfer into donor lymphocytes for control of
allogeneic graft-versus-leukemia . Science 276: 1719-24

Bordignon C, Bonini C, Verzeletti S, Nobili N, Maggioni D, Traversari C, Giavazzi R, Servida P,
Zappone E, Benazzi E, et al. 1995. Transfer of the HSV-tk gene into donor peripheral blood
lymphocytes for in vivo modulation of donor anti-tumor immunity after allogeneic bone marrow
transplantation. Hum Gene Ther 6: 813-9

Bretscher P. 1992. The two-signal model of lymphocyte activation twenty-one years later . Immunol
Today 13: 74-6

Schwartz RH. 1990. A cell culture model for T lymphocyte clonal anergy. Science 248: 1349-56
Brocker T. 2000. Chimeric Fv-zeta or Fv-epsilon receptors are not sufficient to induce activation or
cytokine production in peripheral T cells . Blnod 96: 1999-2001

Brocker T, Karjalainen K. 1995. Signals through T cell receptor-zeta chain alone are insufficient to
prime resting T lymphocytes. J Exp Med 181: 1653-9

Geiger TL, Leitenberg D, Flavell RA. 1999. The TCR zeta-chain immunoreceptor tyrosine-based
activation motifs are sufficient for the activation and differentiation of primary T lymphocytes. J
Immunol 162: 5931-9

Aruffo A, Seed B. 1987. Molecular cloning of a CD28 cDNA by a high-efficiency COS cell expression
system. Proc Natl Acad Sci U S A 84: 8573-7

Chen CY, Del Gatto-Konczak F, Wu Z, Karin M. 1998. Stabilization of interleukin-2 mRNA by the c-
Jun NH2-terminal kinase pathway. Science 280: 1945-9

Chen CY, Gherzi R, Andersen JS, Gaietta G, Jurchott K, Royer HD, Mann M, Karin M. 2000. Nucleolin
and YB-1 are required for JNK-mediated interleukin-2 mRNA stabilization during T-cell activation.
Genes Dev 14: 1236-48

53




29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

Geginat J, Clissi B, Moro M, Dellabona P, Bender JR, Pardi R. 2000. CD28 and LFA-1 contribute to
cyclosporin A-resistant T cell growth by stabilizing the IL-2 mRNA through distinct signaling pathways.
Eur J Immunol 30: 1136-44

Ragheb JA, Deen M, Schwartz RH. 1999. The destabilization of IL-2 mRNA by a premature stop codon
and its differential stabilization by trans-acting inhibitors of protein synthesis do not support a role for
active translation in mRNA stability. J Immunol 163: 3321-30

Ragheb JA, Deen M, Schwartz RH. 1999. CD28-Mediated regulation of mRNA stability requires
sequences within the coding region of the IL-2 mRNA. J Immunol 163: 120-9

Bachmann MF, Sebzda E, Kundig TM, Shahinian A, Speiser DE, Mak TW, Ohashi PS. 1996. T cell
responses are governed by avidity and co-stimulatory thresholds. Eur J Immunol 26: 2017-22

Kundig TM, Shahinian A, Kawai K, Mittrucker HW, Sebzda E, Bachmann MF, Mak TW, Ohashi PS.
1996. Duration of TCR stimulation determines costimulatory requirement of T cells. Immunity 5: 41-52
Lucas PJ, Negishi I, Nakayama K, Fields LE, Loh DY. 1995. Naive CD28-deficient T cells can initiate
but not sustain an in vitro antigen-specific immune response. J Immunol 154: 5757-68

Shahinian A, Pfeffer K, Lee KP, Kundig TM, Kishihara K, Wakeham A, Kawai K, Ohashi PS,
Thompson CB, Mak TW. 1993. Differential T cell costimulatory requirements in CD28-deficient mice.
Science 261: 609-12

Wang B, Maile R, Greenwood R, Collins EJ, Frelinger JA. 2000. Naive CD8(+) T cells do not require
costimulation for proliferation and differentiation into cytotoxic effector cells. Journal of Immunology
164: 1216-22

Chaux P, Martin MS, Martin F. 1996. T-Cell co-stimulation by the CD28 ligand B7 is involved in the
immune response leading to rejection of a spontaneously regressive tumor. Int J Cancer 66: 244-8
Gajewski TF, Fallarino F, Uyttenhove C, Boon T. 1996. Tumor rejection requires a CTL.A4 ligand
provided by the host or expressed on the tumor: superiority of B7-1 over B7-2 for active tumor
immunization. J Immunol 156: 2909-17

Couez D, Pages F, Ragueneau M, Nunes J, Klasen S, Mawas C, Truneh A, Olive D. 1994. Functional
expression of human CD28 in murine T cell hybridomas. Mol Immunol 31: 47-57

Zell T, Hunt SW, 3rd, Mobley JL, Finkelstein LD, Shimizu Y. 1996. CD28-mediated up-regulation of
beta 1-integrin adhesion involves phosphatidylinositol 3-kinase. J Immunol 156: 883-6
Alvarez-Vallina L, Hawkins RE. 1996. Antigen-specific targeting of CD28-mediated T cell co-
stimulation using chimeric single-chain antibody variable fragment-CD28 receptors. Eur J Immunol 26:
2304-9

Finney HM, Lawson ADG, Bebbington CR, Weir ANC. 1998. Chimeric receptors providing both
primary and costimulatory signaling in T cells from a single gene product. Journal of Immunology 161:
2791-7

Roberts MR. 1998. US No. 5,712,149

Khoshnan A, Tindell C, Laux I, Bae D, Bennett B, Nel AE. 2000. The NF-kappaB cascade is important
in bcl-xL expression and for the anti-apoptotic effects of the CD28 receptor in primary human CD4+
lymphocytes . J Immunol 165: 1743-54

54




45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Di Renzo M, Zhou Z, George I, Becker K, Cunningham-Rundles C. 2000. Enhanced apoptosis of T cells
in common variable immunodeficiency (CVID): role of defective CD28 co-stimulation. Clin Exp
Immunol 120: 503-11

Sperling AI, Auger JA, Ehst BD, Rulifson IC, Thompson CB, Bluestone JA. 1996. CD28/B7
interactions deliver a unique signal to naive T cells that regulates cell survival but not early proliferation.
J Immunol 157: 3909-17

Brocker T, Peter A, Traunecker A, Karjalainen K. 1993. New simplified molecular design for functional
T cell receptor. Eur J Immunol 23: 1435-9

Fitzer-Attas CJ, Schindler DG, Waks T, Eshhar Z. 1998. Harnessing Syk family tyrosine kinases as
signaling domains for chimeric single chain of the variable domain receptors: optimal design for T cell
activation. J Immunol 160: 145-54

Hombach A, Heuser C, Gerken M, Fischer B, Lewalter K, Diehl V, Pohl C, Abken H. 2000. T cell
activation by recombinant Fc epsilon RI gamma-chain immune receptors: an extracellular spacer domain
impairs antigen-dependent T cell activation but not antigen recognition. Gene Therapy 7: 1067-75
Weijtens MEM, Willemsen RA, Hart EH, Bolhuis RLH. 1998. A retroviral vector system 'STITCH' in
combination with an optimized single chain antibody chimeric receptor gene structure allows efficient
gene transduction and expression in human T lymphocytes. Gene Therapy 5: 1195-203

Holm L, Sander C. 1996. The FSSP database: fold classification based on structure-structure alignment
of proteins. Nucleic Acids Res 24: 206-9

Spencer DM, Wandless TJ, Schreiber SL, Crabtree GR. 1993. Controlling signal transduction with
synthetic ligands . Science 262: 1019-24

Viola A, Schroeder S, Sakakibara Y, Lanzavecchia A. 1999. T lymphocyte costimulation mediated by
reorganization of membrane microdomains . Science 283: 680-2

Montixi C, Langlet C, Bernard AM, Thimonier J, Dubois C, Wurbel MA, Chauvin JP, Pierres M, He
HT. 1998. Engagement of T cell receptor triggers its recruitment to low-density detergent-insoluble
membrane domains. Embo J 17: 5334-48

Xavier R, Brennan T, Li Q, McCormack C, Seed B. 1998. Membrane compartmentation is required for
efficient T cell activation. Immunity 8: 723-32

Janes PW, Ley SC, Magee Al. 1999. Aggregation of lipid rafts accompanies signaling via the T cell
antigen receptor. J Cell Biol 147: 447-61

Xavier R, Seed B. 1999. Membrane compartmentation and the response to antigen. Curr Opin Immunol
11: 265-9

Fra AM, Masserini M, Palestini P, Sonnino S, Simons K. 1995. A photo-reactive derivative of
ganglioside GM1 specifically cross-links VIP21-caveolin on the cell surface. FEBS Lett 375: 11-4
Schnitzer JE, McIntosh DP, Dvorak AM, Liu J, Oh P. 1995. Separation of caveolae from associated
microdomains of GPI-anchored proteins . Science 269: 1435-9

Ilangumaran S, Briol A, Hoessli DC. 1998. CD44 selectively associates with active Src family protein
tyrosine kinases Lck and Fyn in glycosphingolipid-rich plasma membrane domains of human peripheral
blood lymphocytes. Blood 91: 3901-8

55




61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.
78.

Rodgers W, Rose JK. 1996. Exclusion of CD45 inhibits activity of p56lck associated with glycolipid-
enriched membrane domains. J Cell Biol 135: 1515-23

Bohuslav J, Cinek T, Horejsi V. 1993. Large, detergent-resistant complexes containing murine antigens
Thy-1 and Ly-6 and protein tyrosine kinase p56lck. Eur J Immunol 23: 825-31

Cinek T, Horejsi V. 1992. The nature of large noncovalent complexes containing glycosyl-
phosphatidylinositol-anchored membrane glycoproteins and protein tyrosine kinases. J Immunol 149:
2262-70

Moran M, Miceli MC. 1998. Engagement of GPI-linked CD48 contributes to TCR signals and
cytoskeletal reorganization: a role for lipid rafts in T cell activation. Immunity 9: 787-96

Zhang W, Trible RP, Samelson LE. 1998. LAT palmitoylation: its essential role in membrane
microdomain targeting and tyrosine phosphorylation during T cell activation. Immunity 9: 239-46
Gregorio CC, Kubo RT, Bankert RB, Repasky EA. 1992. Translocation of spectrin and protein kinase C
to a cytoplasmic aggregate upon lymphocyte activation. Proc Natl Acad Sci U S A 89: 49477-51
Geppert TD, Lipsky PE. 1991. Association of various T cell-surface molecules with the cytoskeleton.
Effect of cross-linking and activation. J Immunol 146: 3298-305

Marano N, Holowka D, Baird B. 1989. Bivalent binding of an anti-CD3 antibody to Jurkat cells induces
association of the T cell receptor complex with the cytoskeleton. J Immunol 143: 931-8

Ilangumaran S, He HT, Hoessli DC. 2000. Microdomains in lymphocyte signalling: beyond GPI-
anchored proteins. Immunol Today 21: 2-7

Kosugi A, Saitoh S, Noda S, Yasuda K, Hayashi F, Ogata M, Hamaoka T. 1999. Translocation of
tyrosine-phosphorylated TCRzeta chain to glycolipid-enriched membrane domains upon T cell
activation. Int Immunol 11: 1395-401

Harder T, Simons K. 1999. Clusters of glycolipid and glycosylphosphatidylinositol-anchored proteins in
lymphoid cells: accumulation of actin regulated by local tyrosine phosphorylation. Eur J Immunol 29:
556-62

Rozdzial MM, Malissen B, Finkel TH. 1995. Tyrosine-phosphorylated T cell receptor zeta chain
associates with the actin cytoskeleton upon activation of mature T lymphocytes. Immunity 3: 623-33
Caplan S, Zeliger S, Wang L, Baniyash M. 1995. Cell-surface-expressed T-cell antigen-receptor zeta
chain is associated with the cytoskeleton. Proc Natl Acad Sci U S A 92: 4768-72

Brown DA, Rose JK. 1992. Sorting of GPI-anchored proteins to glycolipid-enriched membrane
subdomains during transport to the apical cell surface. Cell 68: 533-44

Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, Allen PM, Dustin ML. 1999. The
immunological synapse: a molecular machine controlling T cell activation . Science 285: 221-7

Monks CR, Freiberg BA, Kupfer H, Sciaky N, Kupfer A. 1998. Three-dimensional segregation of
supramolecular activation clusters in T cells. Nature 395: 82-6

Acuto O, Cantrell D. 2000. T cell activation and the cytoskeleton. Annu Rev Immunol 18: 165-84
Gronowski AM, Bertics PJ. 1993. Evidence for the potentiation of epidermal growth factor receptor
tyrosine kinase activity by association with the detergent-insoluble cellular cytoskeleton: analysis of
intact and carboxy-terminally truncated receptors. Endocrinology 133: 2838-46

56




79.

80.

81.

82.

&83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Hamaguchi M, Hanafusa H. 1987. Association of p60src with Triton X-100-resistant cellular structure
correlates with morphological transformation. Proc Natl Acad Sci U S A 84: 2312-6

Caplan S, Baniyash M. 1995. Multisubunit receptors in the immune system and their association with
the cytoskeleton: in search of functional significance. Immunol Res 14: 98-118

Cheng PC, Dykstra ML, Mitchell RN, Pierce SK. 1999. A role for lipid rafts in B cell antigen receptor
signaling and antigen targeting. J Exp Med 190: 1549-60

Yashiro-Ohtani Y, Zhou XY, Toyo-Oka K, Tai XG, Park CS, Hamaoka T, Abe R, Miyake K, Fujiwara
H. 2000. Non-CD28 costimulatory molecules present in T cell rafts induce T cell costimulation by
enhancing the association of TCR with rafts. J Immunol 164: 1251-9

Costello R, Mawas C, Olive D. 1993. Differential immuno-suppressive effects of metabolic inhibitors
on T-lymphocyte activation. Eur Cytokine Netw 4: 139-46

Van Lier RA, Brouwer M, De Groot ED, Kramer I, Aarden LA, Verhoeven AJ. 1991. T cell
receptor/CD3 and CD28 use distinct intracellular signaling pathways. Eur J Immunol 21: 1775-8

June CH, Ledbetter JA, Linsley PS, Thompson CB. 1990. Role of the CD28 receptor in T-cell
activation. Immunol Today 11: 211-6

Jones RG, Parsons M, Bonnard M, Chan VS, Yeh WC, Woodgett JR, Ohashi PS. 2000. Protein kinase B
regulates T lymphocyte survival, nuclear factor kappaB activation, and Bcl-X(L) levels in vivo. J Exp
Med 191: 1721-34

Hutchcroft JE, Franklin DP, Tsai B, Harrison-Findik D, Varticovski L, Bierer BE. 1995. Phorbol ester
treatment inhibits phosphatidylinositol 3-kinase activation by, and association with, CD28, a T-
lymphocyte surface receptor. Proc Natl Acad Sci U S A 92: 8808-12

Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M, Baudet V, Boissin P,
Boursier E, Loriolle F, et al. 1991. The bisindolylmaleimide GF 109203X is a potent and selective
inhibitor of protein kinase C. J Biol Chem 266: 15771-81

Nunes J, Klasen S, Franco MD, Lipcey C, Mawas C, Bagnasco M, Olive D. 1993. Signalling through
CD28 T-cell activation pathway involves an inositol phospholipid-specific phospholipase C activity.
Biochem J 293: 835-42

Kearney ER, Walunas TL, Karr RW, Morton PA, Loh DY, Bluestone JA, Jenkins MK. 1995. Antigen-
dependent clonal expansion of a trace population of antigen-specific CD4+ T cells in vivo is dependent
on CD28 costimulation and inhibited by CTLA-4. J Immunol 155: 1032-6

Kearney ER, Pape KA, Loh DY, Jenkins MK. 1994. Visualization of peptide-specific T cell immunity
and peripheral tolerance induction in vivo. Immunity 1: 327-39

Cerwenka A, Morgan TM, Dutton RW. 1999. Naive, effector, and memory CD8 T cells in protection
against pulmonary influenza virus infection: homing properties rather than initial frequencies are crucial.
J Immunol 163: 5535-43

Cerwenka A, Morgan TM, Harmsen AG, Dutton RW. 1999. Migration kinetics and final destination of
type 1 and type 2 CD8 effector cells predict protection against pulmonary virus infection. J Exp Med
189: 423-34

57




9.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Cerwenka A, Carter LL, Reome JB, Swain SL, Dutton RW. 1998. In vivo persistence of CD8 polarized
T cell subsets producing type 1 or type 2 cytokines. J Immunol 161: 97-105

Liu CP, Lin WJ, Huang M, Kappler JW, Marrack P. 1997. Development and function of T cells in T cell
antigen receptor/CD3 zeta knockout mice reconstituted with Fc epsilon RI gamma. Proc Natl Acad Sci
US A94:616-21

Shores E, Flamand V, Tran T, Grinberg A, Kinet JP, Love PE. 1997. Fc epsilonRI gamma can support T
cell development and function in mice lacking endogenous TCR zeta-chain. J Immunol 159: 222-30

Lee NA, Loh DY, Lacy E. 1992. CD8 surface levels alter the fate of alpha/beta T cell receptor-
expressing thymocytes in transgenic mice. J Exp Med 175: 1013-25

Zhumabekov T, Corbella P, Tolaini M, Kioussis D. 1995. Improved version of a human CD2 minigene
based vector for T cell-specific expression in transgenic mice. J Immunol Methods 185: 133-40
Kioussis D, Festenstein R. 1997. Locus control regions: overcoming heterochromatin-induced gene
inactivation in mammals. Curr Opin Genet Dev 7: 614-9

Cordaro TA, de Visser KE, Tirion FH, Graus YM, Haanen JB, Kioussis D, Kruisbeek AM. 2000. Tumor
size at the time of adoptive transfer determines whether tumor rejection occurs. Eur J Immunol 30:
1297-307

Engler P, Haasch D, Pinkert CA, Doglio L, Glymour M, Brinster R, Storb U. 1991. A strain-specific
modifier on mouse chromosome 4 controls the methylation of independent transgene loci. Cell 65: 939-
47

Engler P, Storb U. 2000. A linkage map of distal mouse chromosome 4 in the vicinity of ssml, a strain-
specific modifier of methylation . Mamm Genome 11: 694-5

Engler P, Doglio LT, Bozek G, Storb U. 1998. A cis-acting element that directs the activity of the
murine methylation modifier locus Ssm1l. Proc Natl Acad Sci U S A 95: 10763-8

Leo O, Foo M, Sachs DH, Samelson LE, Bluestone JA. 1987. Identification of a monoclonal antibody
specific for a murine T3 polypeptide. Proc Natl Acad Sci U S A 84: 1374-8

Aran JM, Gottesman MM, Pastan I. 1998. Construction and characterization of bicistronic retroviral
vectors encoding the multidrug transporter and beta-galactosidase or green fluorescent protein. Cancer
Gene Ther 5: 195-206

Levenson VV, Transue ED, Roninson IB. 1998. Internal ribosomal entry site-containing retroviral
vectors with green fluorescent protein and drug resistance markers. Hum Gene Ther 9: 1233-6
Dardalhon V, Noraz N, Pollok K, Rebouissou C, Boyer M, Bakker AQ, Spits H, Taylor N. 1999. Green
fluorescent protein as a selectable marker of fibronectin-facilitated retroviral gene transfer in primary
human T lymphocytes. Hum Gene Ther 10: 5-14

Bestwick RK, Kozak SL, Kabat D. 1988. Overcoming interference to retroviral superinfection results in
amplified expression and transmission of cloned genes. Proc Natl Acad Sci U S A 85: 5404-8

Miller AD, Garcia JV, von Suhr N, Lynch CM, Wilson C, Eiden MV. 1991. Construction and properties
of retrovirus packaging cells based on gibbon ape leukemia virus. J Virol 65: 2220-4

58




110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Pollok KE, van der Loo JC, Cooper RJ, Kennedy L, Williams DA. 1999. Costimulation of transduced T
lymphocytes via T cell receptor-CD3 complex and CD28 leads to increased transcription of integrated
retrovirus. Hum Gene Ther 10: 2221-36

Jadus MR, Thurman GB, Mrowca-Bastin A, Yannelli JR. 1988. The generation of human lymphokine-
activated killer cells in various serum-free media. J Immunol Methods 109: 169-74

Stancovski I, Schindler DG, Waks T, Yarden Y, Sela M, Eshhar Z. 1993. Targeting of T lymphocytes to
Neu/HER2-expressing cells using chimeric single chain Fv receptors. J Immunol 151: 6577-82
Stancovski I, Hurwitz E, Leitner O, Ullrich A, Yarden Y, Sela M. 1991. Mechanistic aspects of the
opposing effects of monoclonal antibodies to the ERBB2 receptor on tumor growth. Proc Natl Acad Sci
US A 88: 8691-5

Han X, Kasahara N, Kan YW. 1995. Ligand-directed retroviral targeting of human breast cancer cells.
Proc Natl Acad Sci U S A 92: 9747-51

Jeschke M, Wels W, Dengler W, Imber R, Stocklin E, Groner B. 1995. Targeted inhibition of tumor-cell
growth by recombinant heregulin-toxin fusion proteins. Int J Cancer 60: 730-9 |

Kihara A, Pastan I. 1995. Cytotoxic activity of chimeric toxins containing the epidermal growth factor-
like domain of heregulins fused to PE38KDEL, a truncated recombinant form of Pseudomonas exotoxin.
Cancer Res 55: 71-7

Schnierle BS, Moritz D, Jeschke M, Groner B. 1996. Expression of chimeric envelope proteins in helper
cell lines and integration into Moloney murine leukemia virus particles. Gene Ther 3: 334-42

Siegall CB, Bacus SS, Cohen BD, Plowman GD, Mixan B, Chace D, Chin DM, Goetze A, Green JM,
Hellstrom I, et al. 1995. HER4 expression correlates with cytotoxicity directed by a heregulin-toxin
fusion protein. J Biol Chem 270: 7625-30

Yang D, Kuan CT, Payne J, Kihara A, Murray A, Wang LM, Alimandi M, Pierce JH, Pastan I, Lippman
ME. 1998. Recombinant heregulin-Pseudomonas exotoxin fusion proteins: interactions with the
heregulin receptors and antitumor activity in vivo. Clin Cancer Res 4: 993-1004

Breitling F, Little M. 1986. Carboxy-terminal regions on the surface of tubulin and microtubules.
Epitope locations of YOL1/34, DM1A and DM1B. J Mol Biol 189: 367-70

Metcalf D. 1985. Multi-CSF-dependent colony formation by cells of a murine hemopoietic cell line:
specificity and action of multi-CSF. Blood 65: 357-62

Palaszynski EW, Ihle JN. 1984. Evidence for specific receptors for interleukin 3 on lymphokine-
dependent cell lines established from long-term bone marrow cultures. J Immunol 132: 1872-8
Greenberger JS, Sakakeeny MA, Humphries RK, Eaves CJ, Eckner RJ. 1983. Demonstration of
permanent factor-dependent multipotential (erythroid/neutrophil/basophil) hematopoietic progenitor cell
lines. Proc Natl Acad Sci U S A 80: 2931-5

Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D, Lavi S, Ratzkin BJ, Yarden Y. 1996. A
hierarchical network of interreceptor interactions determines signal transduction by Neu differentiation
factor/neuregulin and epidermal growth factor. Mol Cell Biol 16: 5276-87

59




126.

127.

125.

Pinkas-Kramarski R, Soussan L, Waterman H, Levkowitz G, Alroy I, Klapper L, Lavi S, Seger R,
Ratzkin BJ, Sela M, Yarden Y. 1996. Diversification of Neu differentiation factor and epidermal growth
factor signaling by combinatorial receptor interactions. Embo J 15: 2452-67

Chen X, Levkowitz G, Tzahar E, Karunagaran D, Lavi S, Ben-Baruch N, Leitner O, Ratzkin BJ, Bacus
SS, Yarden Y. 1996. An immunological approach reveals biological differences between the two
NDF/heregulin receptors, ErbB-3 and ErbB-4. J Biol Chem 271: 7620-9

Klapper LN, Vaisman N, Hurwitz E, Pinkas-Kramarski R, Yarden Y, Sela M. 1997. A subclass of
tumor-inhibitory monoclonal antibodies to ErbB-2/HER?2 blocks crosstalk with growth factor receptors.
Oncogene 14: 2099-109

60




